Detailed information on the electronic states of both V and Mn 3d electrons in the ferrimagnet Mn 2 VAl is obtained by the bulk sensitive resonant inelastic soft x-ray scattering 
I. INTRODUCTION
Since the half-metallic electronic structure was predicted in the half-Heusler alloys of NiMnSb and PtMnSb [1] and in full-Heusler alloys such as Co-based Heusler alloys [2, 3] , a large number of investigations have been carried out from the interest in the field of spintronics. When electrons around the Fermi energy (E F ) are completely spin-polarized, a system must be very useful as a ferromagnetic electrode for the spin injection and tunnel magnetoresistance as well as various spin utilizable devices. For example, magnetoresistance of the magnetic tunneling junction with using complete half-metal ferromagnets would ideally be infinity. Very recently, other types of Heulser alloys such as Mn-based Heusler alloys and their quasi-ternary alloys have also been pointed out to show the half-metallic electronic states [4] [5] [6] [7] [8] [9] [10] . Among them Mn 2 VAl is one of the most attractive materials for device application. Its magnetic properties and theoretically predicted electronic structures were reported in early 1980's [11] [12] [13] .
If the Mn 2 VAl orders completely, atoms of Mn, V and Al occupy the Wyckoff positions 8c, 4b, and 4a, respectively, with the space group Fm 3 m as schematically shown in Fig. S1 in Supplemental Material. The spontaneous magnetization per formula unit of 1.9 µ B /f.u. at 4.2 K is close to 2 µ B /f.u. [11] predicted by the generalized Slater-Pauling rule [14] and is much smaller than those in Co-based Heuser alloys. The magnetic critical Curie temperature T C of this ferrimagnet Mn 2 VAl is quite high to be about 760 K with antiferromagnetically coupled V and Mn spins [11, 12] . This material is thought to be very promising for spintronic devices at room temperature because the expected current to switch its spin would be rather low. 2 VAl have recently been extensively carried out, for example, by the x-ray absorption magnetic circular dichroism (XAS-MCD) for bulk and film specimens [15] [16] [17] [18] .
Investigations of Mn
For the fundamental investigations of half-metallic materials, researchers should pay attention how to provide convincing evidence of the half-metallic electronic states. To date fundamental magnetic properties reflecting the specific character of the half-metallic electronic states have been investigated. For example, rather small high-field magnetic susceptibility [19] and the negligibly small pressure dependence of the magnetization in some Co-based Heusler alloys were reported. These results are understood as reflecting the fact that the electronic state near E F is insensitive to applied external fields in the case of half-metallic ferromagnets [20] . Recently, anisotropic magnetoresistance is also predicted to serve as one of the practical screening tests of the half-metallic ferromagnets from both theoretical and experimental aspects [21, 22] .
We report here for the first time the direct evidence of the spin-polarized electronic structures of the half-metallic ferrimagnet Mn 2 VAl Heusler alloy with highly ordered L2 1 -type structure by means of resonant inelastic soft x-ray scattering (SX-RIXS) measurements of the V and Mn 2p core excitation with use of right and left helicity circularly polarized light and with external magnetic field. RIXS is a bulk sensitive photon-in and photon-out spectroscopy, and very powerful to investigate such as d-d excitations for open shell 3d orbitals and magnetic excitations for spin systems [23] [24] [25] [26] as well as 2p-3d transitions in element-and symmetry-specific ways. These excitations and decays are sensitive to spin, electron correlation, crystalline symmetry, and the strength of hybridization with the ligand band.
Furthermore, RIXS is insensitive to the surface conditions because of its long probing depth (> 100 nm) in contrast to any kind of photoelectron spectroscopy (PES). Since the emitted light is probed, RIXS is not affected by such an external perturbation as magnetic field in contrast to PES for electrons. In the present study, the photon energy (hv in ) dependence of the magnetic circular dichroism (MCD) of RIXS was measured in detail in order to obtain the spin-dependent information. The results obtained in the present experiments and theoretical analyses confirmed the half-metallicity of Mn 2 VAl, demonstrating that the RIXS and RIXS-MCD are extremely powerful for the study of the electronic structures of the half-metallic ferromagnetic or ferrimagnetic materials.
II. EXPERIMENTAL

A. Sample preparation
Mother ingot of polycrystalline Mn 2 VAl was fabricated by induction melting in an argon atmosphere. Since the vapor pressure of Mn is high during the melting, excess Mn elements are contained in the mother ingot. Single crystal was grown by the Bridgeman method with a size of 12 mm in diameter and about 30 mm in length. The obtained ingot was annealed at 1473 K to grow the crystal grains. Furthermore, a two-step annealing process at 1123 K and then 873 K was employed in order to control the microstructures and to heighten the degree of order. These sample preparation processes resulted in rather high degree of order as S = 0.84 in our sample compared with S = 0.5 by Kubota et al. [15] and S = 0.4 by Meinert et al. [17] in their samples. Crystal orientation was checked by the back Laue method and the specimen was cut in a strip form in the direction parallel to <100>. The sample composition was confirmed to be Mn: 50.5, V: 26.9, Al: 22.6 (atomic %) with an electron probe microanalyzer.
Sample magnetization was measured with a superconducting quantum interference devices (SQUID) magnetometer. Magnetization (M-H) curve measured at 5 K for Mn 2 VAl showed that more that 90% of saturation magnetization is realized already at 0.2 T of the external magnetic field. The expected value of the magnetic moment for Mn 2 VAl by Slater-Pauling rule, which is predicted by Galanakis et al. [14] is 2 µ B /f.u. Slight deviation of the saturation magnetic moment 1.82 µ B /f.u. of our sample from 2 µ B /f.u. might be caused by a small amount of the off-stoichiometric composition. Although atomic content of Mn is well controlled in the present specimen, atomic content of V is slightly increased compared to that of Al.
B. Measurements
Resonant inelastic soft x-ray scattering (SX-RIXS) for V and Mn 2p core excitation was measured at room temperature at the HORNET end station installed in the long undulator beam line BL07LSU of SPring-8, Japan [27, 28] . Measurement was performed with an external magnetic field of 0.25 T, which was applied by a permanent magnet with two poles for passing the excitation light [29, 30] . The direction of the magnetic field was repeatedly reversed by the rotatable feed through supporting the magnet (The schematic view of the experimental geometry is given in Fig. S2 in Supplemental Material). Right and left helicity circularly polarized lights (RCP and LCP) parallel to the magnetic field were incident at 45° onto the (100) plane for excitation. Light emitted at 45° from this surface was dispersed by a grating and detected by a two dimensional detector. The <100> axis was contained in the scattering plane. The direction of the magnetic field was reversed to confirm the genuine magnetic circular dichroism in this RIXS experiment. The total energy resolution was set to ~140 (170) meV at the V (Mn) 2p 3/2 edge. RIXS measurements were performed on a surface of the sample obtained by fracturing in an Ar globe box in advance and transferred to a RIXS chamber with a vacuum of 1×10 -5 Pa without any exposure to atmosphere.
III. RESULTS AND DISCUSSION
A. RIXS and RIXS-MCD experimental spectra Various investigations to directly check the half-metallic electronic structure have been performed up to now. Ultraviolet-photoemission spectroscopy (UPS) and hard x-ray angle resolved photoelectron spectroscopy (HAXARPES) [32] [33] [34] [35] [36] are such examples. In the case of UPS, it is known that the surface electronic structure accessible by UPS is noticeably different from that in the bulk. The HAXARPES is much more bulk sensitive. However, its orders of 
SC. SIMULATION BASED ON THE DENSITY FUNCTIONAL THEORY
The electronic structure calculation based on DFT has been performed using the HiLAPW code, which is based on the all-electron full-potential augmented plane-wave (FLAPW) method [2] . The generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof scheme has been used for the exchange correlation potential [3, 4] .
The relativistic effects are considered for the 2p core states including the spin-orbit coupling.
On the other hand, the spin-orbit coupling for the 3d states are negligible compared with the 2p states, since the orbital magnetic moment of Mn and V were estimated as 0.026 μ B /Mn and 0.037 μ B /V by XMCD measurements, respectively [5] . Plane-wave expansion cutoffs were set to 20 Ry for the wave functions and 80 Ry for the charge density and potential functions. The muffin-tin sphere radius was chosen as 1.1 Å for all elements. For the Brillouin-zone integration, a 16×16×16 uniform mesh was used with the tetrahedron integration technique.
The atoms were placed on the general form X 2 YZ of the L2 1 structure with X at 8c site in the Wyckoff position, Y at 4b site, and Z at 4a site. The lattice constant was set to 5.875 Å [6] .
The RIXS spectra were simulated by using the Kramers-Heisenberg formula [7, 8] and E i , respectively. The incoming and outgoing photon energies are described as hv in and hv out, respectively. Lifetime broadening of a core hole is given by Γ i of 0.36 (0.28) eV for Mn (V) [9] , and the dipole transition operator is described as ) ( μ conduction band on the fluorescence decay, the denominator of equation (1) In the simulation, we practically give the energy of unoccupied valence states ε e using the energy offset (hv 1 ) from Fermi energy (E F ) as ε e = E F + hv 1 . Then, we further transform the equation (8) 
. (9) 
